Introduction
The asexual yeast Candida tropicalis is an organism of both medical and industrial importance. This yeast can assimilate fatty acids or alkanes as the sole source of carbon and energy, and the synthesis of peroxisomes is induced abundantly by growth on these substrates (Kamiryo & Okazaki, 1984) . This yeast is also an opportunistic human pathogen that causes systemic infection (Odds, 1987) . The development of genetic systems for this yeast may be valuable in elucidating the induction of peroxisomal synthesis and the mechanisms of pathogenesis.
In the closely related pathogenic yeast, C. albicans, variations of colony morphology have been reported, where abnormal colonies arise at a frequency of to (Slutsky et al., 1985; Rikkerink et al., 1988; Suzuki et al., 1989; Rustchenko-Bulgac et al., 1990) . In the latter two reports, chromosomal rearrangements were associated with the variation phenomenon.
We report here that variation of colony-morphology phenotypes can be generated in a typical C. tropicalis strain, pK233, and that changes in chromosomal DNA banding patterns are correlated with some of the variations.
Abbreviation : PFGE, pulsed-field gel electrophoresis.
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Methods
Organisms, media and growth conditions. C. tropicalis strain pK233 was kindly given to us by Dr T. Kamihara, Kyoto University, Japan. Saccharomyces cerevisiae strain X2180-1A and C. albicans FCI 8 (Whelan et al., 1980) were used as standards for chromosomal banding patterns. Yeast cells were grown in YPD liquid medium [containing 1 % (w/v) polypeptone (Wako Pure Chemical Industries), 1 % (w/v) yeast extract and 2% (w/v) glucose] with shaking (100 strokes min-I) at 30 "C. For observation of colony morphologies, the concentrations of polypeptone, yeast extract and glucose of YPD were reduced to half (1/2YPD) and the medium solidified by adding 2% (w/v) agar. Agar plates were inoculated with approximately 200 cells of strain pK233 and subjected to 6 x J mm-2 UV light from a Toshiba GL 1 S W germicidal lamp. For comparison of colony morphology and peroxisome induction, cells were grown at 30 "C in YPBO liquid medium and on plates of YPBO medium solidified by adding 2% (w/v) agar. The YPBO medium was prepared according to Kamiryo et al. (1981) , and contained 0.3% yeast extract, 0.5% polypeptone, 0.5% K2HP04, 0.5% KH2P04, 1% (w/v) Brij 58 and 1 % (w/v) oleic acid. The control cultures, without proliferation of peroxisomes, were grown in YPBG medium; this was the same as YPBO medium except that the oleic acid was replaced by 2% glucose.
Microscopy. Colonies were viewed under an Olympus SZH141 stereomicroscope. For observations of cells constituting a colony, cells were picked up with an inoculating needle from various sites of the colony, suspended in a drop of water and observed using a Nikon DIAPHOTO-TMD microscope equipped with Nomarski interferencecontrast optics.
Pulsed-field gel electrophoresis (PFGE).
Sample preparation for PFGE was as described previously (Suzuki et al., 1989) . After several T. Suzuki, Y. Miyamae and I. Ishida 
Results
Isolation of colony-morphology mutants
The parent strain of C . tropicalis, pK233, produced smooth colonies on both YPD and 1/2YPD plates (Fig.  la) . When these smooth colonies were exposed to an oblique light, the surface of the colony was lustrous. Among 9793 UV-surviving colonies from six separate cultures of strain pK233, 75 showed different colonymorphology phenotypes from that of the parent on 1/2YPD plates. Each of these six cultures was derived from a separate smooth colony, thus ensuring that variants arising from separate cultures would be the results of independent events. Single-colony isolations were repeated on each of these variant colonies, and stabilities and characteristic morphologies for these 75 variants were determined both after incubating for 2 weeks at room temperature and for 5 d at 30 "C. More than 95% of the colonies of each variant were stable during several successive subcultures. These variants are hereafter called 'colony-morphology mutants'; they were grouped into four classes, as follows.
The first class, composed of 32 mutant isolates, was of the irregular wrinkled type (Fig. 1 c) , apparently similar to the variants described by Slutsky et al. (1984) in C. albicans. The shape of the colony of this type was initially like a doughnut, the central region having a depression. During prolonged incubation, its surface altered, becoming irregular-wrinkled. We will refer to this type as doughnut mutants. The second class, including four isolates, was characterized by the presence of a smooth central region and peripheral frills on the surface of colonies (Fig. 1 e) . During prolonged incubations, mutants are termed 'echinoid'. The surface of the echinulate colony was too hard to scratch off with an inoculating loop. The fourth class, including 17 isolates, had lustreless colonies and the surface of the colonies changed gradually into wrinkled (Fig. li) . Since this resembled the surface of walnuts, we will refer to this type of colony as 'walnut'.
Changes in colony morphologies under peroxisorneinducing conditions
Kamiryo et al. (1981) showed that peroxisomes were induced when C. tropicalis pK233 was grown aerobically with oleic acid as carbon source. The mutants described above were grown on plates containing medium with oleic acid as carbon source (YPBO medium), and the appearance of colonies was examined. After 1 to 2 d of culture, when small colonies appeared, the parent strain gave smooth colonies. An interesting finding was the subsequent development of these colonies into wrinkled and doughnut-like ones accompanied by hyphal growth in the agar layer after prolonged culture (over 3 d, Fig.  lb) , although the parent strain had shown the smooth colony-morphology on 1/2YPD plates (Fig. 1 a) . In striking contrast was the morphology of colonies of the doughnut mutants grown on YPBO: the mutants produced smooth but lustreless colonies (Fig. 1 d) . Similarly, the frilly mutants also gave smooth but lustreless colonies on YPBO (Fig. If) . The echinoid mutants gave rather doughnut-like colonies on this medium and the colonies had fewer aerial hyphae than those grown on 1/2YPD (Fig. lh) . The walnut mutants showed very weak growth on PYBO; their colony morphology was apparently smooth but lustreless (Fig. lj) .
In order to examine whether the above changes in colony morphology were due to the difference in the carbon source of the growth media, colonies were also grown on plates of YPBG medium, which contained glucose instead of oleic acid. The morphologies of colonies of the parent and the colony-morphology mutants on YPBG plates were all indistinguishable from those described for each type on 1/2YPD plates. Therefore, these changes in colony morphologies in the parent strain as well as the mutants can be ascribed to whether glucose or oleic acid was used as the carbon source.
wrinkles developed and enclosed the frills. These are 'frilly' mutants. The third class, consisting of 22 isolates, was of echinulate type with aerial hyphae extending from the surface of colonies (Fig. 1 g) . A well-separated colony of this type was like a sea urchin in shape. Thus, these
Cytological features of colony-morphology mutants
Cell morphologies were examined microscopically from colonies grown on 1/2YPD, YPBO or YPBG plates. Cultures of the parent strain pK233 on both 1/2YPD and 2YPD plates (a, c, e, g, i) or on YPBO plates (b, d, ft h, j ) .
YPBG plates exhibited a uniform cell population of oval or ellipsoid cells having mostly one or no bud (Fig. 2a) . The parent strain also contained a small fraction (less than 1 %) of pseudohyphal chain-forming cells. Mycelia that developed into the agar layer from the colonies were composed of pseudohyphal cells in chains. In contrast, the colony of the parent strain grown on YPBO plates consisted of pseudohyphal cells as a major fraction and of typical yeast cells at lower frequency (Fig. 26) . Oil drops were frequently observed on the pseudohyphal cells and large yeast cells containing well-developed vacuoles were present. Wrinkled regions of the colony were rich in pseudohyphal cells forming bundles.
In contrast to the uniform cell population of the parent strain grown on 1/2YPD plates, the cell population of each colony-morphology mutant consisted of a wide range of different cell sizes and shapes. The walnut mutants, grown on 1/2YPD or YPBG plates, contained obovate to pyriform yeast cells and also elongated ones (Fig. 2c) . Pseudohyphal cells in chains, each of which was a thick cylinder with well-developed vacuoles, were also detected as a small percentage of the population. However, on YPBO plates, the growth of the walnut mutants was weak, their colonies were small, wrinkles were rare, and the proportion of chain-forming pseudohyphal cells was much smaller. Therefore, the wrinkled texture of the walnut variants may reflect development of pseudohyphal cells in chains.
Colonies of the doughnut mutants grown on 1/2YPD or YPBG plates consisted of typical pseudohyphal cells, together with normal yeast cells (Fig. 2 4 . The terminal cell of a pseudohypha was shorter than the preceding cell behind the first septum. These individual pseudohyphal cells formed filaments more than ten times longer than the yeast cells. In contrast, colonies of the doughnut mutants grown on YPBO plates, which had a smooth texture, were composed of yeast cells similar to those of the parent strain or of elongated yeast cells two to four In the case of the echinoid mutants, true hyphal cells were observed together with both normal-looking yeast cells and pseudohyphal ones (Fig. 2e) . Branching was also observed. The terminal cell of true hyphae in these mutants was cylindrical and typically longer than the immediately preceding cell (Fig. 2e-h) . The frequency of occurrence of these true hyphal cells was overwhelmingly higher than that of apparently normal-shaped yeast cells in the colony grown on 1/2YPD or YPBG plates. Hyphal germination from either yeast cells or pseudohyphal cells was also seen (Fig. 2J g) . When an echinoid mutant was grown on YPBO plates, the frequency of the true hyphal cells decreased in the doughnut-like colonies and pseudohyphal cells predominated.
Chromosomal DNA banding patterns of colonymorphology mutants
Chromosomal DNA of C . tropicalis pK233 was separated by PFGE into at least eight distinct bands (Fig. 3) . The banding pattern was the same irrespective of the carbon source used for growth. Three bands around 1 Mbp in size, and five bands around 2 Mbp, were separated. Individual chromosome-sized DNA bands were numbered I to VIII in ascending molecular size. Their apparent molecular sizes were estimated by using the chromosomal bands of C. albicans FC18 and S . cerevisiae X2180-1A as standards.
The estimated sizes were 1.0 Mbp (band I), 1.2 Mbp (band 11), 1.3 Mbp (band 111), 2.1 Mbp (band IV), 2.2 Mbp (band V), 2.4 Mbp (band VI), 2.6 Mbp (band VII) and 2.8 Mbp (band VIII). Bands IV and V were close to each other and had enhanced staining compared to the other bands, suggesting that each was in turn composed of two bands. Therefore, the apparent total genome size was calculated to be approximately 19.9 Mbp, or 21 fg per cell. Onthe other hand, chemical DNA determination with the parent strain gave the DNA content per cell to be 39-40 fg. The DNA content per cell of S . cerevisiae X2180-la (haploid) and C . afbicans FC18 was 18 and 38 fg, respectively. This suggests that the parent C. tropicalis strain may be diploid. In the colony-morphology mutants, some differences were detected in the banding patterns (Fig. 3) . In frilly mutants (two representatives are shown in Fig. 3 ), band VII of the parent was clearly absent in one example (F4). Instead, a new band appeared, the molecular size of which was between those of bands VII and VI, suggesting that band VII of the parent may be shortened in this, and possibly both, frilly mutants. No other additional bands were detected in these mutants. In the echinoid mutants, the difference was variable among isolates. One echinoid isolate (E26), had an additional band of 1.7 Mbp; another (E49), had a new 1.4 Mbp band but had lost the parental band 11. Furthermore in both isolates, the sizes of the sixth and the seventh bands, apparently equivalent to band VI and band VII of pK233, were less well resolved than the parental equivalents. In the echinoid isolates E l , E4, E6 and E7, the loss of band I1 was observed. In contrast, the echinoid isolates E2, E3 and E5 showed banding patterns that could not be distinguished from that of the parent strain.
No distinct difference was observed in the banding pattern of the doughnut or walnut mutants, compared to that of the parent.
Although the colony-morphology phenotype was different when glucose or oleic acid was used as carbon source, no significant difference was detected in the chromosomal banding patterns of any of the mutants grown in medium containing the different carbon sources.
Discussion
The colony-morphology mutants described here were isolated after UV-irradiation of low lethal effect (20 % or less). Considering that the DNA content of this organism is similar to S . cerevisiae diploid and many C . albicans strains, and that heterozygosity of naturally occurring auxotrophic markers is found (unpublished data), this organism cannot be haploid. The mutants isolated here are probably produced after chromosomal rearrangment (here, the term is interpreted in a broad sense, including mitotic crossing-over) accompanying segregation of naturally occurring heterozygous mutations, as has been shown in C. albicans for auxotrophic mutants (Whelan et al., 1980; Whelan & Magee, 1981) , as well as for morphological mutants (Pomes et al., 1985) . The PFGE banding pattern of the karyotype of colony-morphology mutants described here indicates that the size of chromosomal DNA was changed in some of the mutants. This suggests that the chromosomal rearrangment includes mechanisms other than reciprocal crossingover. In the frilly mutants, the sizes of the bands apparently equivalent to band VI and band VII of the parent strain were variable among isolates. Ribosomal RNA genes have been assigned to band VI and band VII by hybridization experiments using the cloned rDNA genes as a probe (T. Kamiryo, personal communication) . Repeated genes such as rDNA genes may contribute to high-frequency chromosomal rearrangement (reviewed by Petes & Hill, 1988) . Hybridization experiments using cloned genes from C. tropicalis are in progress.
Variation of colony morphology in the mutants may be explained to some degree by the cytological features of the constituent cells. A wrinkled phenotype correlates with the presence of pseudohyphal cells in chains, and the echinoid colony reflects the presence of aerial hyphae which are composed of filamentous true hyphae. However, it remains unknown how these and the other types of constituent cells assemble themselves to make various textures of individual colonies. No cytological difference can presently explain the differences in colony morphology between walnut, frilly and doughnut mutants.
The problem of colony-morphology phenotypes has two aspects, namely physiological and genetic variations. Both the variation of colony morphology with increase of incubation time and the variation with different medium composition, described in this paper, would belong to the former type.
True hyphae appeared in the echinoid mutant E49. Structures resembling germ-tubes, formation of which has been described as one of the important factors discriminating C. albicans from C. tropicalis (McGinnis, 1980) , were also observed in this mutant (Fig. 2f, g ). This suggests that the ability to produce germ-tube-like structures is present in the genome of C. tropicalis. The wrinkled texture of colonies correlating with the presence of filamentous pseudohyphal cells has also been found in morphological mutants of C. albicans (Gil et al., 1988; Rustchenko-Bulgac et al., 1990; Slutsky et al., 1987) . Interspecific complementation analysis by protoplast fusion between this organism and C. albicans will provide more information on these problems, as has been reported for adenine auxotrophs (Corner & Poulter, 1989) .
